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Green infrastructure (GI) is broadly defined as natural 
and semi-natural mechanisms that protect and restore 
ecosystem functions within and around urban areas 
(Dhakal and Chevalier 2017; Hansen and Pauleit 2014; 
Kimmel et al. 2013). Examples of green infrastructure 
include rain gardens, rain barrels, and green roofs, in 
addition to more subtle practices such as permeable 
pavement, bioswales, and tree canopy preservation. 
These mechanisms are primarily geared towards 
stormwater management, but can also provide 
additional environmental and social benefits (Meerow 
and Newell 2017; Hansen and Pauleit 2014). Modern 
cities face a number of challenges such as flooding, 
air and water pollution, urban heat islands, and aging 
infrastructure. These challenges are particularly dire 
in the context of climate change, which exacerbates 
these problems (USGCRP 2018; Sharifia and 
Yamagata 2014). The use of green infrastructure has 
been widely recognized as an effective adaptation 
practice that can be used to help build resilience 
in urban areas by reducing the severity of certain 
climate impacts, such as flooding and heat stress. In 
the absence of strategic and participatory planning, 
green infrastructure can also potentially exacerbate 
social-spatial inequalities in urban areas. Populations 
that are socially, economically, institutionally, or 
otherwise marginalized are especially vulnerable to 
the impacts of climate change and often have the 
highest need for green infrastructure planning (Bowen 
and Lynch 2017; Heckert and Rosan 2016). However, 
Environmental Justice literature indicates that these 
populations are often benefitting the least from 
infrastructure investments, and green spaces such as 
parks and open space (Hendricks et al. 2018). As cities 
begin to engage in adaptation planning with green 
infrastructure it is crucial for local governance to focus 
on strategies that explicitly protect and promote 
equity sustainability. 
In this Masters Project, I provide an overview 
of green infrastructure planning in the context 
of social equity and climate change resilience, 
examine green infrastructure implementation in 
Washington DC, analyze the relationships between 
socioeconomic and environmental variables that 
could potentially influence the spatial distribution of 
green infrastructure, and provide recommendations 
based upon my analysis. The purpose of this master’s 
project is to identify and potential disparities or equity 
issues in green infrastructure implementation at the 
block group level. Based on green infrastructure, 
climate change, and environmental justice literature, 
I hypothesize that a number of social and economic 
factors would be associated with the density of green 
infrastructure. More specifically, I hypothesized that 
there would be a positive relationship between income 
and education, and the density of green infrastructure 
projects (projects per square mile), and that there 
would be a negative relationship with respect to 
the proportion of renters, people of color, and cost-
burdened households. To evaluate my hypotheses, I 
used a variety of methods including initial qualitative 
case study research, spatial analysis and mapping, 
and quantitative statistical methods. 
My case study of Washington, DC examines this 
complicated and potentially problematic relationship 
between green infrastructure and social equity. 
Washington, DC has made exceptional progress 
in implementing green infrastructure through a 
combination of development regulations, capital 
expenditures, and incentive programs (DDOE 2013; 
DC Water 2015). While these have been relatively 
successful at increasing the development of green 
infrastructure in Washington, DC there are potential 
challenges surrounding planning and social equity. 
Ideally in planning green infrastructure projects, the 
City should be ensuring that infrastructure serves all of 
DC’s neighborhoods equally and that environmental 
resources and amenities are redistributed to the 
neighborhoods that most need them (Lim 2018; 
Heckert and Rosan 2015; Wolch et al. 2015). In this 
Master’s project I address the following question: is 
there a relationship between socio-economic factors 
and the spatial distribution of green infrastructure 
in Washington, DC? Understanding these potential 
relationships highlights important areas for 
improvement as cities move forward with climate 
change adaptation planning.
Introduction
VOGEL | 3
Literature Review
Dimensions of Climate Change 
The U.S. Global Change Research Program (USGCRP) 
defines climate change as “changes in average 
weather conditions that persist over multiple decades 
or longer” this encompasses both increases and 
decreases in temperature, in addition to shifts in 
precipitation, and shifts in the risk of certain types of 
severe weather events (USGCRP 2018). According 
to the 2018 National Climate Assessment, global 
climate change is occurring at a rate faster than has 
ever occurred in the history of modern civilization. 
Sea level rise and storm surges, heat stress, extreme 
precipitation, inland and coastal flooding, landslides, 
drought, increased aridity, forest fires and water 
scarcity are all expected to increase as climate change 
continues to progress, with negative impacts on people 
in terms of health, livelihoods, and assets. Some of 
these impacts are more localized to specific regions, 
while others are more widespread across the country. 
Nonetheless, most communities are subject to multiple 
climate-related impacts and the compounding effects 
of these impacts threaten the livability of urban 
settlements and increase the vulnerability of urban 
social and economic systems (USGCRP 2018; IPCC 
2014; Ven et al. 2016). In natural hazards literature and 
research, vulnerability generally refers to the potential 
for loss from an environmental hazard. (Cutter, Boruff, 
and Shirley 2003). In the context of climate change, 
vulnerability generally refers to the capacity to be 
harmed, or the propensity or predisposition to be 
adversely affected by climate change in the short and 
long term (NRC 2010; IPCC 2014). Since losses and 
impacts vary geographically, over time, and among 
different social groups, the nature of vulnerability 
and climate change adaptation is inherently spatial 
and temporal (Shi et al. 2016; Cutter, Boruff, and 
Shirley 2003). The multiple dimensions of vulnerability 
include biophysical vulnerability, the vulnerability of 
the built and environment in addition to social and 
economic vulnerability. When addressing climate 
change adaptation and resilience, governments and 
planners must consider these multiple dimensions of 
exposure and vulnerability.
Geography and the Built Environment 
According to the National Research Council, 
vulnerability associated with climate change is based 
on underlying ecological and social stressors (2010). 
While the specific stressors tend to vary dramatically 
from place to place, it is evident that urban areas 
are particularly vulnerable. Cities are often located 
in hazard prone areas such as floodplains and fragile 
coastal areas, which increases exposure to and risk of 
threats posed by heavy storm events and sea level 
rise (NRC 2010; UCS 2013).  Global average sea level 
has risen approximately 8 inches since 1900, and 
is expected to rise an additional 1 to 4 feet by the 
end of the century (USGCRP 2018). Approximately 
5 million people in the U.S. live within 4 feet of the 
local high-tide level. Furthermore, the combination 
of storm surges and high tides with sea level rise will 
exacerbate the risk of devastating floods in these areas 
(USGCRP 2014).  In addition, urban development 
patterns have led to modifications of hydrologic 
systems that increase the incidence and severity of 
urban flooding. A key characteristic of urbanization 
is the removal of vegetative surfaces that are for 
providing evaporative cooling, rainwater interception, 
and flood water infiltration and storage. Cities also 
have altered energy exchanges that cause the urban 
heat island effect (UHI), in which urban areas tend to 
have higher air and surface temperatures than their 
rural surroundings (Grimm et al. 2008). Consequently, 
as global temperatures increase, cities are particularly 
susceptible to heat stress. (Grimm et al. 2008; Gill et 
al. 2007; wwCarter et al. 2017).
Urban areas hold the highest concentrations of 
built assets and infrastructure. Existing water, 
transportation, and energy infrastructure have not 
been built to endure the impacts of climate change 
and have already been facing climate stress from 
heavy rainfall, flooding, landslides, drought, and 
wildfire (USGCRP 2018; IPCC 2014; He, Veleo, and 
Bouchart et al. 2006). For example, Superstorm Sandy 
caused serious damage to the New York City’s utilities 
and transportation system, leaving close to 2 million 
people without power 11 million travelers affected 
daily in the wake of the storm (NYC 2013).  In addition, 
design standards for stormwater infrastructure has 
traditionally been determined by analyzing historical 
rainfall data, without taking future climatic conditions 
into consideration. This is problematic in a world 
where precipitation patterns are changing rapidly. The 
recent, and devastating flooding in Houston, Texas 
during Hurricane Harvey highlights the insufficiency 
of urban stormwater infrastructure in the wake of 
unprecedented precipitation events (Hendricks et al. 
2018)
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Social Vulnerability 
Social vulnerability and equity are important to 
consider in the context of climate change because 
certain populations have less capacity to prepare for, 
respond to, and recover from climate-related impacts 
and hazards (Lynn, MacKendrick, and Donoghue 
2011). The majority of world population is now living in 
cities and population projections indicate that almost 
all future population growth will occur in urban areas 
(USGCRP 2018; IPCC 2014; Sharifa and Yamagata 
2014). Hazard risks are often highest for those that are 
already vulnerable, such as low-income communities, 
communities of color, children, and the elderly; 
moreover, cities often have higher concentrations 
of these vulnerable groups. In this context, Cutter, 
Boruff, and Shirley (2003) define social vulnerability 
as a measure of both the sensitivity of a population 
to natural hazards and its ability to respond to and 
recover from the impacts of hazards. The literature 
suggests that sociodemographic indicators, such 
as income and poverty level, housing conditions, 
educational attainment, and age group, are useful 
in measuring and understanding social vulnerability. 
(Cutter, Boruff, and Shirley 2003). 
Resilience and Adaptation 
The concept of resilience is traditionally used to 
describe the ability of an object to return to its 
original position after receiving a “hit” and the ability 
to successfully survive a shock or trauma (Sharifia and 
Yamagata 2014). However, in the context of climate 
change, the IPCC defines resilience as “the capacity 
of social, economic, and environmental systems to 
cope with a hazardous event, trend, or disturbance, 
responding or reorganizing in ways that maintain 
systems’ essential function, identity, and structure 
while also maintaining the capacity for adaptation, 
learning, and transformation” (IPCC 2014). The 
notion of resilience in urban planning has become 
increasingly important as global warming progresses, 
and communities continue to feel the effects of a 
changing climate. The Union of Concerned Scientists 
refer to a “resilience gap” which represents the 
degree to which a community is unprepared for 
damaging climate effects, which more or less will 
indicate the degree to which people will suffer from 
climate-related events. In order to narrow the gap, 
communities must engage in both adaptation and 
mitigation activities (UCS 2016). Mitigation includes 
actions that lessen the likelihood of such an event 
occurring, for example reductions in greenhouse gas 
emissions. Adaptation refers to adjustments in human 
or natural systems in response to actual or anticipated 
climatic stimuli or their effects (Glavovic and Smith 
2014). Both adaptation and mitigation are of crucial 
importance as the severity of climate impacts become 
more of a reality in cities. 
Research indicates that vulnerable groups may 
not only be disproportionately affected by climate 
change impacts, but also adaptation strategies if they 
are not implemented under policies that consider 
existing inequalities (Anguelovski et al. 2016). Urban 
adaptation responses, such as decisions about where 
to prioritize physical protection projects, install 
green infrastructure, or route public transportation 
have differential impacts on urban residents. If these 
responses neither address social inequities nor engage 
vulnerable populations, they can inadvertently harm 
low-income and minority residents and exacerbate 
justice issues (USGCRP 2018). According to Bowen 
and Lynch (2017) the concept of maladaptation is 
defined by as ‘action taken ostensibly to avoid or 
reduce vulnerability to climate change that impacts 
adversely on, or increases the vulnerability of other 
systems, sectors or social groups. According to 
Anguelovski et al. (2016) climate change adaptation 
strategies can produce injustices that fall into two 
primary categories: interventions that negatively affect 
or displace poor communities and interventions that 
protect economically valuable and/or wealthy areas 
over low-income or minority neighborhoods, or fail 
to involve affected communities in the process. Their 
research findings suggest that these actions most 
commonly include infrastructure investments, land 
use regulations, and the creation of protected areas 
disproportionately affect or displace low-income and 
minority communities.
Green Infrastructure
Green infrastructure (GI) has become increasingly 
popular among the planning discipline as a way 
to secure the provisioning of ecosystem services 
among the built environment. There is a growing 
body of literature that necessitates the need for 
green infrastructure planning in cities as a means for 
climate change resilience planning. The term “green 
infrastructure” can be defined in variety of ways 
depending on scope and context, but is generally 
recognized in the literature as natural, semi-natural, 
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(Demuzere et al. 2014; Andersson et al. 2014; Kimmel 
et al. 2013; Tzoulas et al. 2007) 
The most commonly cited environmental benefits 
of GI, besides stormwater management, include 
improved air quality, and urban heat island mitigation. 
As a means for climate change adaptation, green 
infrastructure is especially useful for moderating 
temperatures in urban areas. The urban heat 
island (UHI) is a climatic phenomenon caused by 
anthropogenic heat release, air pollution, and the use 
artificial surfaces such as concrete and asphalt in place 
of soil and vegetation (Hamada et al. 2013). Urban 
green infrastructure, particularly green roofs, tree 
canopy, and green spaces, reduces the urban heat 
island effect through the conversion of energy from 
the sun into latent heat by evapotranspiration from 
vegetated surfaces (Foster et al. 2011, Gill et al. 2007; 
Hamada et al. 2013). Consequently, GI can provide 
crucial health benefits in a warming climate. Extreme 
temperatures exacerbate cardiovascular diseases, 
respiratory diseases, and mental stress, in addition to 
increasing the risk of mortality and morbidity (Bowen 
and Lynch 2017). 
Beyond mitigating heat stress, green infrastructure 
can also provide additional health benefits. According 
to the Harvard Health and Places Initiative (HAPI), 
proximity to green space increases the likelihood of 
engaging in exercise and physical activity. One study 
found that having 10% more green space within a 1 km 
radius of an individual’s neighborhood was protective 
and artificial mechanisms that protect, restore and 
mimic ecosystem functions within and around urban 
areas (Dhakal and Chevalier 2017; Hansen and 
Pauleit 2014; Downing 2014). Examples include 
green roofs, right-of-way bioswales, rain gardens, 
green streets and alleyways, permeable pavements, 
urban green spaces and tree canopy coverage. 
These types of structures and installations provide 
numerous ecological and social benefits to urban 
areas, ranging from stormwater management and 
pollution reduction, as well as improved public health 
(Meerow and Newell 2017; Jim et al. 2015). These 
benefits are often classified as ecosystem services, 
which include four types: provisioning, regulating, 
supporting, and cultural services (Lovell and Taylor 
2013). These proven benefits of green infrastructure 
are widely documented, prompting an abundance 
guidance materials, handbooks, and case studies 
from the EPA, state governments, and non-profit 
organizations to help expand the implementation of 
GI practices.  The benefits of green infrastructure in 
the context of climate change adaptation generally 
relate to the ability to manage water and to moderate 
temperature, in addition to community benefits. 
Benefits of Green Infrastructure 
Green infrastructure is most commonly researched and 
implemented as a means of stormwater management 
and flood control. The high concentrations of 
impervious surfaces in urban areas increase the amount 
of runoff and potential for flooding. Urban stormwater 
runoff carries pollutants, such as pathogens, nutrients, 
sediment, and heavy metals, into the water system. 
In addition, heavy rain events often lead to the 
discharge of untreated sewage into the waters system 
in cities with combined sewer systems, which is a 
hazard to public health. Green infrastructure is used 
to facilitate the natural flow of water across the area 
to improve the urban drainage system (Dong et al. 
2017).  By capturing and retaining rainfall during 
and after storm events, green infrastructure reduces 
stormwater discharges. Lower discharge volumes 
translate into reduced combined sewer overflows, 
lower pollutant loads, and reduces the incidence of 
urban flooding. (US EPA 2014). However, the utility of 
green infrastructure extends beyond just stormwater 
management. Green infrastructure is widely promoted 
for its “multifunctionality” in providing a host of 
ecosystem services and community benefits. Table 
1 summarizes the multifunctional benefits of green 
infrastructure based on ecosystem services categories 
Benefit Ecosystem Service Category
Stormwater Management Regulating; provisioning
Improves Air Quality Regulating 
Mitigates Urban Heat 
Islands Regulating 
Increases connectivity in 
the urban landscape Supporting 
Improves Health and 
Lowers Stress Cultural 
Increases access to 
greenspace 
Cultural
Table 1. Green Infrastructure Ecosystem Services
6 | VOGEL 
of particular diseases including chronic heart disease, 
upper respiratory tract infection, asthma, and chronic 
obstructive pulmonary disease (Maas et al. 2009). In 
addition, there are well documented findings that 
viewing or experiencing natural environments is 
associated with lower levels of stress and improved 
measures of physiological stress (Bowen and Lynch 
2017; HAPI 2014). It is important to note that these 
particular health issues can all be exacerbated by 
climate change and that these health issues are 
particularly prevalent among vulnerable population. 
Furthermore, implementing green infrastructure 
as a means of climate change adaptation can be 
specifically beneficial to low income populations. 
(Bowen and Lynch 2017; Meerow and Newell 2017).
Social Dimensions
Green infrastructure has crucial implications for 
environmental justice and social equity. The extensive 
environmental justice literature documents how 
marginalized and vulnerable communities are 
disproportionately exposed to greater environmental 
harms and have reduced access to environmental 
benefits (Bullard and Johnson 2000; Boone 2008; 
Hendricks et al. 2018; Schwarz et al. 2015). There is 
significant research indicating that low-income and 
minority communities have less green space, both in 
terms of access and total area (Ferguson et al. 2018; 
Wolch et al. 2014). Heckert and Rosan (2016) use the 
term “equity void” to describe these communities 
and neighborhoods with disparities in green space 
and other amenities. This related to Tiebout’s (1956) 
“vote with their feet” argument. Tiebout argued 
that communities offer varying ranges of amenities 
and people will “vote with their feet” and choose 
neighborhoods that have a package of amenities 
that best suits their needs. However, in low-income 
communities, residents are not able to “vote with their 
feet” because they often do not have the resources 
to move to more expensive neighborhoods that 
may provide more amenities. This results in a large 
number of low-income residents who are “left” with 
communities that lack critical amenities that make 
a difference. Considering these disparities and how 
they compound with other components of social 
vulnerability, such as poverty and health, it is clear that 
low income communities in vulnerable areas would 
benefit the most from green infrastructure. There is 
an opportunity to use strategic and participatory 
planning to target areas that have high vulnerability 
not only in the built environment, but also in the social 
fabric of the community (Meerow and Newell 2017; 
Heckert and Rosan 2016).
Despite the research on the multifunctional benefits 
of green infrastructure, in practice it is frequently 
implemented from the perspective of a single benefit 
- primarily stormwater management without the 
consideration of social factors (Hansen and Pauleit 
2014; Kimmel et al. 2013). Meerow and Newell (2017) 
discuss the absence of integrated planning models 
to evaluate “the synergies and tradeoffs” among the 
social and ecological benefits of green infrastructure. 
This is a problem because the benefits of green 
infrastructure are highly localized so the siting decisions 
of green infrastructure have significant social and 
environmental justice implications. There is a growing 
body of research examining the equity implications 
associated specifically with green infrastructure 
planning. According to Hopkins and Chan (2017) 
green infrastructure may actually be positively 
associated with communities of lower socioeconomic 
status and a higher percentage of people of color 
in Portland, Oregon. However, another study found 
that GI development in Portland is more associated 
with development patterns and pipe density (Baker 
et al. 2019). Mandarano and Meenar (2017) found 
that green infrastructure is inequitably distributed 
across Philadelphia PA, with negative relationships 
between green infrastructure density and minority 
populations. Another study found that the installation 
of green infrastructure in Melbourne, Australia is 
prioritized based on hydrologic and ecological 
function over sociodemographic factors (Kuller et al. 
2018). As cities continue to promote the utilization of 
green infrastructure, it is crucial to examine whether 
or not these projects are being planned and sited 
in locations that enhance multiple aspects of urban 
sustainability and resilience or are they being sited 
“haphazardly, opportunistically, and for the purpose 
of one benefit, such as stormwater, rather than a suite 
of potential ecosystem service benefits” (Meerow and 
Newell 2017). Building off of this previous research, 
the following case study examines and attempts to 
evaluate the social implications of green infrastructure 
in Washington, DC.
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The city of Washington, DC has several characteristics 
that make it an interesting case study for examining 
green infrastructure implementation. The location of 
the city at the confluence of the Potomac River and 
Anacostia River increases the District’s exposure and 
susceptibility to periodic flooding. In addition, the 
city was essentially built on top of three major stream 
systems - the Tiber Creek, James Creek, and Slash 
Run. The burial of theses natural drainage systems has 
caused several hydrologic problems that the city still 
struggles with today (Strauss et al. 2014). Additionally, 
a significant portion of DC is served by a combined 
sewer system (one third), which was developed before 
the 1900’s. This part of the city is prone to combined-
sewer overflows during heavy precipitation events, 
resulting in mixed sanitary waste and stormwater that 
is discharged directly into the Anacostia River, Rock 
Creek, Potomac River or tributary waters. Consequently, 
the District Water and Sewer Authority, known as DC 
Water, is under a 2005 court-ordered consent decree 
from the EPA to control combined-sewer overflows 
to all three District water bodies (DC Water 2015). 
In addition, the District Department of Energy and 
Environment (DOEE) implemented various programs 
that increase green infrastructure development in the 
city. Consequently, DC has become a leader among 
other cities in green infrastructure implementation 
(US EPA 2014). On the other hand, Washington has 
a history of social equity issues, segregated by race, 
Case Study: Washington, DC 
income, and education (Kijakazi et al. 2016). This 
raises the question of whether or not DC’s green 
infrastructure programs are potentially exacerbating 
social inequities. Furthermore, analysis focuses on 
the relationship between socioeconomic factors and 
green infrastructure density at the block group level 
in Washington, DC.  
Green infrastructure Implementation 
Under the EPA consent decree to reduce combined-
sewer overflows, DC Water developed a Long-Term 
Control Plan to construct three large holding tunnels 
to provide extra capacity during heavy rainfall in 2005. 
However, in 2015 DC Water executed a modification to 
this plan in order incorporate widespread investment 
in green infrastructure projects. The motivation for 
this modification was to reduce the cost and scope 
of gray infrastructure required to control stormwater, 
and to account for uncertainty associated with future 
precipitation extremes and climate change (US EPA 
2017). The DC Clean Rivers (DCCR) Project is DC 
Water’s ongoing program under the Long-Term Control 
Plan Modification. The program includes a green 
infrastructure plan that guides the implementation 
of GI in compliance with the consent decree, and 
promotes GI as an opportunity to create green jobs 
and provide community amenities. However, these 
social benefits are not incorporated in the project’s 
suitability analyses (DC Water 2015). 
Program Name Description
DC Clean Rivers Project
Ongoing program to reduce combined sewer overflows (CSO’s) into the Anacostia and Potomac 
Rivers and Rock Creek, under EPA consent decree. The Project is a massive infrastructure and capital 
improvements program designed to capture and clean wastewater during rainfalls before it ever 
reaches our rivers (DC Water 2015). 
RiverSmart Incentive 
Program
A variety of programs that provide financial incentives to help District property owners install green 
infrastructure such as rain barrels, green roofs, rain gardens, permeable pavers, shade trees, and 
more. Includes a green roof rebate program, a funding program to provide facilities and increase 
watershed education in schools, and a grant program for local churches and non-profits (DDOE 
2013b).
DC Stormwater Retention 
Volume Regulations
Large developments of a certain size and magnitude are required to install green infrastructure in 
order to reduce stormwater runoff on their property. Each project must meet 50% of the required 
stormwater retention on-site, but DOEE offers the flexibility to meet the remaining 50% off-site 
through the use SRCs (DDOE 2013a).
Voluntary Retention Credit 
Program
Properties that install GI voluntarily can generate stormwater retention credits to sell in the District’s 
innovative market for stormwater runoff (DDOE 2013a).
Table 2. DC Green Infrastructure Programs 
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Separate from DC Water Clean Rivers Project, the 
District Department of Energy and Environment, 
manages the RiverSmart Washington project, an 
incentive and rebate program to promote the 
installation of green infrastructure on private property. 
In 2008, DDOE initiated the RiverSmart pilot project 
in two District Neighborhoods, and it has since than 
evolved into a city-wide program. The RiverSmart 
program provides a range of incentives to homeowners, 
schools, 501(c)(3) non-profit organizations, and places 
of worship. In the process for homeowners, DDOE 
conducts audits to assess which GI features are 
appropriate for the property and partners with local 
contractors and nonprofits to execute the installation 
(US EPA 2014). While DDOE supplements the cost 
of project, the homeowners have a copayment that 
varies based on the installation type (DDOE 2013b). 
Consequently, this project may be less accessible to 
lower-income homeowners and neighborhoods with 
low homeownership rates. RiverSmart also includes a 
program that provides grant funding to 501(c)(3) non-
profit organizations and places of worship for projects 
that implement green infrastructure and educate the 
public about water pollution (DDOE 2013b).
In 2013, DDOE also finalized the “Rule on Stormwater 
Management and Soil Erosion and Sediment Control” 
which provides a series of stormwater management 
regulations for new development and redevelopment 
in the District. Developments over a certain size are 
required to retain the stormwater volume from a 1.2-
inch storm on site using green infrastructure practices. 
The rule also includes a unique trading program that 
allows regulated properties to purchase “retention 
credits” from properties that have excess stormwater 
retention capacity (SDOE 2013a).
This combination of development regulations, 
incentive programs, and capital improvements 
resulted in widespread green infrastructure 
development in the District (Table 2). Through these 
programs, the District of Columbia has promoted 
green infrastructure implementation as a revitalization 
strategy and an opportunity to create community 
amenities; however, the primary driving factor is to 
reduce stormwater runoff, ease the burden on the 
DC’s aging infrastructure systems, and meet water 
quality regulations (Lim 2018).
Washington, DC also has a sustainability plan 
(Sustainable DC) and climate action plan (Climate 
Ready DC). These plans both reference green 
infrastructure as a means to achieve sustainability 
and adapt to climate change. In addition, they 
both include components about social equity and 
vulnerability in sustainability and resilience; however, 
they do not draw any connections to the role that 
green infrastructure has in these processes. Table 3 
summarizes the green infrastructure related action 
items in these plans.
Plan Goals and Actions
Climate Ready DC
Goal: Increase resilience of drinking water, wastewater, and stormwater systems to maintain viability during 
periods of extreme heat, severe weather, and flooding
Actions: Update design standards for water and drainage infrastructure to address the projected increase 
intensity of precipitation; Increase combined sewer and separate stormwater system capacity with green and 
grey infrastructure, including raingardens, green roofs, trees, cisterns, and pervious pavement. Focus first on 
areas that flood regularly, have steep topography, or have known drainage capacity issues
Goal: Reduce risks of extreme heat and the urban heat island.
Action: Reduce the heat-island effect and related increase in outside air temperatures with cool and living 
roofs, expanded green space, tree planting, and tree protection efforts, prioritizing hotspots and those areas 
with the greatest number of heat vulnerable residents. Incorporate heat-island mitigation into planning for 
green infrastructure, tree canopy, and public space initiatives.
Sustainable DC
Goal: Relieve pressure on stormwater infrastructure and reduce long-term flood risk
Actions: Install 2 million new square feet of green roofs; Increase the use of green infrastructure along public 
rights of way; Double the number of homes participating in the RiverSmart Homes program; Build 25 miles 
of green alleys; Establish pervious surface minimums for targeted zoning district.
Table 3. Relevent Plans 
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My analysis focuses on the block groups within the city 
limits of Washington, DC. This area is ideal for studying 
trends in green infrastructure implementation because 
of the city’s unique geographic and demographic 
conditions, but also due to the significant strides the 
District Government has made in developing green 
infrastructure programs. These programs have yielded 
a large sample of documented and monitored green 
infrastructure projects across the city. The data used for 
this study consist of three primary datasets, including 
spatial data on green infrastructure projects, socio-
demographic census data at the block group scale, 
and environmental/land use data used to control 
for covariates that may impact green infrastructure 
density. The study area consists of 419 out of the 451 
block groups in Washington DC, due to case-wise 
deletions of 32 erroneous observations. 
Variables 
Green Infrastructure Data 
The locations of green infrastructure in Washington, 
DC were obtained from the District of Columbia 
Stormwater Database, a comprehensive resource that 
tracks all of the green stormwater best management 
practices that have been installed to comply with the 
District’s stormwater regulations, or to participate 
in one of the voluntary incentive programs (DDOE 
2019). The dataset includes information on the project 
location, installation date, best management practice 
(BMP) type, and watershed drainage basin (among 
other factors). For the purpose of this project, I used 
the project location data and the type classifications in 
the dataset. The various types of green infrastructure 
practices in this dataset are described in Table 4. It is 
important to note that the DC Stormwater Database 
Study Area and Data
also included data on grey stormwater infrastructure; 
however, I did not include the locations of projects 
classified as “gray infrastructure.” 
The green infrastructure project locations were joined 
with GIS data (shapefile) on census block groups 
to determine the total number of GI projects for 
each block group, in addition to counts for the top 
five most-implemented green infrastructure types: 
rainwater harvesting, tree planting and preservation, 
bioretention, bayscaping, and green roof projects 
(Figure 1). The density for each attribute was calculated 
by dividing the project/type count by the total area 
in square miles for each block group. These density 
attributes were each used as the dependent variable 
for one of the six regression models in the project.
There’s a total of 16,803 green infrastructure projects 
located within the 419-block group study area. Tree 
planting and preservation, and rainwater harvesting 
facilities, account for almost 60% of the total number. 
This is likely because of the relatively small-scale nature 
of these projects, as opposed to a green roof facility 
that can cost thousands of dollars to build. This sheds 
light on the need to conduct multiple regressions, so 
that the any differences between implementation can 
be compared.
Socioeconomic Data 
I obtained socioeconomic data at the block group 
level from the U.S. Census Bureau ACS 2017 (5-
year estimates). These variables are measures of 
population, race, ethnicity, educational attainment, 
income, and tenancy within each block group (Table 
5). Percent of Households that are Cost Burdened is 
a measure of the number of households that spend 
more than 30 percent of their household income 
on housing costs. I chose these factors due to their 
regular inclusion in Environmental Justice studies of 
groups that are often environmentally disadvantaged 
(Heckert and Rosan 2016).
Land Use and Environmental Data 
In addition to socioeconomic variables, I collected data 
on environmental and land use features to strengthen 
the model. This data was collected primarily from the 
District of Columbia Open Data portal as shapefiles 
which were joined with the census block dataset. 
These variables are described in Table 6.  In addition, 
I obtained GIS data describing the delineation of 
watersheds in the DC area. 
Figure 1. Green Infrastructure by Type within the 
Study Area
Table 4. Types of Green Infrastructure Practices (DC DOEE 2013a)
BMP Type Description
Rainwater 
Harvesting (RH) Collection systems to capture and store rainfall for future use. Cisterns and Rain Barrels 
Tree Planting and 
Preservation (TP)
Preservation of existing trees or planting new trees reduce stormwater runoff onsite. Tree canopy can intercept 
a significant amount of rainfall before it becomes runoff, particularly if the tree canopy covers impervious 
surface, such as in the case of street trees. 
Bioretention (BR)
Practices that capture and store stormwater runoff and pass it through a filter bed of engineered soil media 
composed of sand, soil, and organic matter. Includes traditional and streetscape bioretention, engineered tree 
pits, stormwater planters, residential rain gardens.
Bayscaping (BS)
Landscaping practice that replaces grass with plants native to the Chesapeake Bay region. Native plants have 
deeper root systems that absorb more stormwater, reduce erosion, increase infiltration, and are more drought 
resistant than turf grass or ornamental species.
Green Roof (GR) Green roofs are facilities that capture and store rainfall that would otherwise land on an impervious rooftop, in an “engineered growing media” that is designed to support vegetation.
Permeable 
Pavement
An alternative paving surface that captures and temporarily stores the design volume by filtering runoff through 
voids in the pavement surface into an underlying stone reservoir. Includes Porous asphalt, Pervious concrete, 
Permeable pavers.
Infiltration Mechanisms to capture and store stormwater volumes before allowing it to infiltrate into the soil over a 48-hour period. Includes trenches and basins.
Other Impervious Surface Disconnection, open channels, ponds, wetlands, stream restoration, and land cover change.
Socioeconomic Variables Median Mean Min Max
Total Population 1388 1523.32 463 5407
Population Density (per square mile) 16,873 20,206 1,229 114,789
Median Household Income $84,844 $91,327 $12,649 $250,001
Percent Black or African American 46% 48% 0% 100%
Percent Latinx 7% 10% 0% 53%
Percent of Adults Without A High School Diploma 8% 10% 0% 42%
Percent of Renter-Occupied Housing Units 54% 53% 0% 100%
Percent of Households that are Cost Burdened 32% 34% 3% 72%
Table 5. Summary Statistics for Block Groups in the Study Area (ACS 2017) 
Table 6. Land Use and Environmental Variables
Variable Description 
CSO Shed 
Location inside of the Combined Sewer Outfall Shed (binary - y/n coded as 0 or 1) 
(DDOE 2011)
National Parks Area (Acres) Sum of total area of Park Service properties and other government-owned land within each block group (OCTO 2014)
Parks and Recreation Areas (Acres)
Sum of total area of DC Government parks and recreation properties within each 
block group (DPR 2018)
Storm Surge Density (Percent of Acres in 
Block Group)
Percent of block group area with a risk of storm tide flooding from hurricanes. 
(OCTO 2018)
Average Elevation (Feet Above Sea Level) Mean elevation for each block group based on topographic spot elevation points (feet above sea level) (OCTO 2018b)
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Spatial Distribution 
Maps 1 through 7, in the appendix, show the spatial 
distribution of socioeconomic factors across DC. The 
city is relatively well educated (56% of adults have a 
Bachelor’s degree or more), racially diverse (48% Black 
or African American Alone), and ethnically diverse 
(11% Latinx). In addition, the city’s median household 
income is relatively high ($77,649). However, these 
factors are not evenly distributed across space. There 
is an east-west divide in regard to race, income, and 
educational attainment. Based on these maps it is 
evident that the highest deficits in education and 
income are located in the southeast portion of the 
District, in addition to the highest populations of 
African Americans. This part of the city has a history 
of environmental justice issues, and has suffered from 
decades of disinvestment (Lim 2018). One may expect 
to GI disparities in these areas. 
The spatial distribution of green infrastructure density 
is shown in Maps 8 through 13.  While there are 
several clusters of high density, green infrastructure 
appears to be relatively dispersed across the city. 
45% of the of block groups have one or more green 
roofs. This BMP is the least dispersed in the city, with 
highest densities clustered around central downtown. 
Rainwater harvesting and bioretention projects are 
more dispersed with 81% of the block groups having 
at least one rainwater harvesting project and 76% 
of the block groups have at least one bioretention 
projects. The following analyses attempt to make 
sense of these spatial trends. 
Hypotheses
Based on environmental justice principles (Wolch 
et al. 2014; Boone 2008), and the small body of 
literature examining equity in the distribution of 
green infrastructure, I hypothesize that there will be a 
positive relationship between income and education, 
and the amount of green infrastructure per square 
mile in a block group, and that there will be a negative 
relationship with respect to the proportion of renters, 
people of color, and cost-burdened households. In 
addition, since DC’s green infrastructure programs 
focus almost entirely on the stormwater management 
aspects of GI, I hypothesize the land use and 
environmental variables will have stronger, more 
significant relationship with green infrastructure 
density, compared to the socioeconomic variables.
Methodology 
In order to analyze the relationship between 
socioeconomic factors and the density of green 
infrastructure in Washington DC, this project used a 
series of multi-variate Ordinary Least Squares (OLS) 
regression models. After compiling the variables in 
ArcMap for spatial analysis, I exported the dataset into 
Stata. In order to achieve more normal distributions, 
I performed log transformations for each of the 
green infrastructure dependent variables, and the 
population density predictor variable. I then ran six 
log-linear regression models to determine which 
of the 13 predictor variables were associated with 
green infrastructure density. To account for the spatial 
clustering of green infrastructure activities within 
watersheds, I clustered robust standard errors around 
each individual watershed (n=6). The primary model 
regressed total green infrastructure density as the 
dependent variable, and then the subsequent models 
regressed each of the 5 different GI type densities 
to examine any differences between them. Due to 
these log transformations, each of these models only 
includes block groups that include at least one of 
each respective GI type.
Results 
Model 1, total green infrastructure density, had an 
R2 value of 0.24, which means that the independent 
variables in the model explain approximately 24% of 
the variation in green infrastructure density. The R2 
values of all the models range from 0.14 to 0.51, with 
bioretention density (Model 4) being the weakest 
predictive model, and green roof density being the 
strongest. 
The log-linear regression model outputs were 
exponentiated to in order de-transform the data 
for interpretation. Table 7 shows the results from 
each of the six regression models. This includes the 
exponentiated coefficients confidence intervals, 
and significance for each predictor variable. The 
exponentiated coefficients measure the relationship 
between the independent variable and the dependent 
variable, and signify, not unlike an odds-ratio in 
logistic regression, a multiplicative effect of the 
exponentiated variable. This is due to the log-linear 
relationship between independent and dependent 
variables, which takes the form y=eaeb1x1eb2x2.
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Model 1:
Total Green 
Infrastructure 
(GI) Density
Model 2:
Tree Planting 
Preservation 
(TP) Density
Model 3: 
Rainwater 
Harvesting (RH) 
Density
Model 4: 
Bioretention 
(BR) Density
Model 5: 
Bayscaping (BS) 
Density
Model 6:
Green Roof (GR)
Density
Dependent Variable Log of total GI projects per mi2
Log of TP 
projects per mi2
Log of RH 
projects per mi2
Log of BR 
projects per mi2
Log of BS 
projects per mi2
Log of GR 
Projects per mi2
N 419 358 353 330 278 195
R2 0.239 0.340 0.442 0.137 0.428 0.510
Total Population 
(1000s)
0.854 0.732** 0.737** 0.791** 0.764** 0.801*
(0.641, 1.138) (0.556, 0.964) (0.580, 0.935) (0.639, 0.978) (0.597, 0.978) (0.618, 1.039)
Percent Black or 
African American
1.012** 1.006 1.006 1.006 1.002 0.993**
(1.002, 1.022) (0.992, 1.021) (0.998, 1.015) (0.997, 1.016) (0.998, 1.006) (0.988,0.999)
Percent of Adults 
Without a High School 
Diploma
0.994 1.004 1.004 0.992 1.008 1.024
(0.979, 1.009) (0.986, 1.022) (0.994, 1.013) (0.980, 1.005) (0.991, 1.025) (0.992, 1.057)
Percent of Renter-
Occupied Housing 
Units
0.989** 0.984** 0.979*** 1.003 0.984*** 1.013*
(0.980, 0.999) (0.970, 0.997) (0.967, 0.991) (0.998, 1.008) (0.978, 0.989) (0.997, 1.028)
Percent of Households 
that are Cost 
Burdened
0.996 0.991 0.989 1.003 0.99 0.995
(0.983, 1.009) (0.973, 1.009) (0.970, 1.008) (0.981, 1.024) (0.974, 1.007) (0.978, 1.013)
Percent Latinx
1.006* 1.019** 1.002 0.993* 1.000 0.99
(0.999, 1.012) (1.007, 1.032) (0.990, 1.015) (0.985, 1.000) (0.992, 1.008) (0.968, 1.013)
Median Household 
Income (1000s)
1.002 1.000 0.996*** 1.002 0.995 1.002
(0.996, 1.007) (0.992, 1.007) (0.994, 0.998) (0.995, 1.009) (0.988, 1.003) (0.996, 1.008)
Population Density 
(pop per mi2)
1.116 1.544* 1.419*** 1.167* 1.950*** 1.752**
(0.851, 1.463) (0.999, 2.388) (1.278, 1.576) (0.978, 1.392) (1.629, 2.334) (1.028, 2.985)
CSO Shed (Binary)
1.688*** 1.268 1.624*** 1.290** 1.201** 1.295
(1.300, 2.192) (0.782, 2.055) (1.325, 1.990) (1.033, 1.611) (1.052, 1.37) (0.724, 2.317)
Storm Surge Density 
(percent of block 
group area)
1.000 1.000 0.999 1.000 0.999 1.000
(0.999, 1.002) (0.998, 1.002) (0.997, 1.001) (0.999, 1.002) (0.998, 1.001) (0.999, 1.002)
Average Elevation 
(feet above sea level)
1.002 1.002 1.003 1.000 1.001** 0.998**
(0.997, 1.006) (0.999, 1.005) (0.999, 1.006) (0.998, 1.002) (1.000, 1.002) (0.996, 0.999)
National Parks Area 
(acres)
0.998*** 0.999 0.999 0.998*** 1.000 0.997*
(0.996, 0.999) (0.996, 1.003) (0.998, 1.001) (0.996, 0.999) (0.999, 1.001) (0.995, 1.000)
Parks and Recreation 
Areas (acres)
0.997 0.995 0.996 1.000 1.002 0.994
(0.988, 1.007) (0.986, 1.004) (0.985, 1.006) (0.991, 1.008) (0.997, 1.007) (0.978, 1.009)
Constant 66.86*** 2.191 9.487*** 6.399 0.242 0.123
Table 7. Model results with exponentiated coefficients. Confidence intervals (95%) are given in parentheses.  
***p < 0.001, ** p < 0.05, * p < 0.10 
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As shown in Table 6, Total Population, Population 
density and Percent of Renter-Occupied Housing 
Units are significant variables in five out of the six 
models. There are two socioeconomic variables that 
were not significant in any of the models, including 
Percent of Adults Without a High School Diploma and 
Percent of Cost Burdened Households.
Percent Black or African American is a significant 
factor in two of the models; in Model 1, Total Green 
Infrastructure Density, there is a slightly positive, 
significant relationship between percent Black or 
African American and total green infrastructure 
density. When the Black or African American 
population increases by 1 percent in a block group, 
the density of green infrastructure is expected to 
increase by 1%. However, the results of Model 6, 
Green Roof Density, indicate that when the Black or 
African American population increases by 1 percent, 
the density of green roof facilities is expected to 
decrease by 0.7% Though significant relationships, 
the associated change is only marginal. Similarly, the 
percent of the population identifying as Latinx has a 
significant, yet marginally positive relationship with 
total green infrastructure density (0.6% increase) and 
tree planting density (1.9% increase), and a significant, 
yet marginally negative relationship with bioretention 
density (0.7% decrease). Median household income is 
a significant factor in the rainwater harvesting model 
(3). When median household income increases by 
$1000 it is expected that the density of rainwater 
harvesting will decrease by 0.4% percent. Though this 
relationship is significant and negative, the impact is 
marginal. 
Population density and total population are significant 
for all five of the GI type models, but not for total GI. 
The relationship for total population is moderately 
strong and negative. With a population increase of 
one unit (1000 people), the various green infrastructure 
types are expected to decrease by 20 to 27 percent 
depending on the type, with tree planting decreasing 
the most (26.8 %) and green roofs decreasing the 
least (19.9%). However, there is a strong, positive 
relationship between population density and the 
green infrastructure types.
In regard to the land use and environmental variables, 
CSO shed, national park Area, and average elevation 
were significant in at least one of the models.  DC 
parks and recreation areas and storm surge density 
were not significant. CSO shed has a significant and 
positive relationship with total green infrastructure, 
Rainwater Harvesting, Bioretention, and Bayscaping 
Density. When a block group is located in the CSO 
shed it is expected that total green infrastructure 
density will be 68.8 percent more than a block 
group located outside of the CSO shed. Rainwater 
harvesting density specifically is expected to be 64.2 
percent more when located in the CSO shed. There is 
also an expected increase for biorientation (29%) and 
Bayscaping (20%). National Parks Area is significant 
for total green infrastructure, bioretention, and green 
roof densities. When national park area increases 
by one acre, there is a very marginal decrease of 
approximately 0.2 percent for each density. When 
average elevation increases by one foot, it is expected 
that bayscaping density will increase by 0.1 percent 
and green roof density will decrease by 0.2 percent. 
Discussion
The purpose of this project was to determine if certain 
social and economic factors have any significant 
relationship with the amount of green infrastructure 
being implemented across Washington, DC. I 
represented these factors by using ACS 2017 variables, 
such as median household income, population 
density, educational attainment, tenure, and race at 
the block group level. I then joined these variables 
with green infrastructure and land use data from the 
District’s GIS open data resources. Next, I ran a series 
of log linear regression models in Stata to assess these 
relationships and determine the statistical significance 
the data. I hypothesized that there would be a positive 
relationship between income and education, and the 
amount of green infrastructure per square mile in 
a block group, and that there would be a negative 
relationship with respect to the proportion of renters, 
people of color, and cost-burdened households. The 
overall results from the regression analysis indicate that 
the models are not particularly significant, meaning 
that the independent variables do not provide enough 
information to accurately predict the dependent 
variable. However, the results of the models provide 
useful data about the relationships between the 
variables and help to inform our understanding of 
green infrastructure implementation in Washington, 
DC. Based on the regression models, I can make the 
following observations and conclusions:
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Race, ethnicity, and income generally do not have 
a strong relationship with green infrastructure 
density at the block group level. 
Based on my literature review and hypothesis, I 
expected to see a significant, and negative relationship 
between percent Black and percent Latinx with green 
infrastructure density. However, in Model 1, total 
green infrastructure density actually increases, in 
association with percent black and Latinx. Although 
the change is very small, it suggests that green 
infrastructure placement does not suffer from many 
of the environmental justice issues affecting provision 
of other types of infrastructure in DC. Additionally, 
there is no apparent relationship between median 
income and total green infrastructure density at the 
block group level. However, future research needs 
to examine these findings at a higher resolution 
geographic scale, because Census block group 
do not necessarily capture the true variation at a 
neighborhood level. 
The percent of renter-occupied housing units is a 
significant factor influencing green infrastructure 
density.
According to the regression analysis results, the 
amount of total green infrastructure per square mile is 
expected to decrease by approximately one percent 
when the share of renters increases by one percent in 
a block group. This finding aligns with my hypothesis, 
in that areas with lower-homeownership are benefiting 
less from green infrastructure than areas with higher 
homeownership in DC. In regard to the various types, 
this relationship is significant at the 0.05 level for tree 
planting and preservation (Model 2), and at the 0.01 
level for Rainwater Harvesting and Bayscaping. This 
is an interesting finding because the DC RiverSmart 
program provides a variety of incentives for these 
specific types of projects. This provides insights 
on the accessibility of the RiverSmart program to 
property owners versus renters. For example, the 
RiverSmart Homes and RiverSmart Rebates incentives 
provides resources for rain barrels, shade trees, rain 
gardens, and bayscaping specifically for single-
family residential properties. While this program has 
been effective in increasing green infrastructure, it is 
clear that there is a disparity between who benefits 
from the program. The incentives for GI installation 
on private property clearly privileges residents who 
own their own properties and disadvantages renters 
(Heckert and Rosan 2016). People that live in areas 
with high homeownership or single-family residential 
neighborhoods are exposed to a greater density of 
green infrastructure, while those living in areas of high 
rental occupancy are less likely to reap the benefits 
of these programs. Moreover, renters will have less 
autonomy and influence over green infrastructure 
installation in their neighborhood. The literature 
indicates that tree canopy preservation is a particularly 
effective means of climate change adaptation 
because it moderates temperatures, reducing the 
severity of heat stress. In addition, it provides a range 
of social and benefits that are particularly important 
in vulnerable communities (Bowen and Lynch 2017). 
Furthermore, it is particularly problematic that tree 
canopy is negatively associated with renter-occupancy. 
The location within DC’s Combined Sewer 
Outfall (CSO) Shed has a significant and positive 
relationship with total green infrastructure, 
Rainwater Harvesting, Bioretention, and 
Bayscaping Density. 
The density of green infrastructure located inside the 
CSO shed is significantly higher than the amount for 
block groups located outside of the CSO shed. This 
aligns with the program goals of the DC Water Clean 
Rivers project, an extensive capital improvement 
program to reduce combined sewer overflows into 
the surrounding watersheds. While this may reflect 
the relative success of DC’s efforts in promoting 
green infrastructure implementation, it reinforces that 
green infrastructure is primarily being implemented 
as a means for stormwater management. While 
this is useful in improving water quality across the 
District and reducing nuisance flooding issues, it 
does not necessarily ensure that these infrastructure 
investments are playing a role in a broader effort 
to adapt to climate change and support vulnerable 
populations. 
The findings (and limitations) of the model provide 
opportunities for future research. 
Although multiple variables were significant, the 
regression models in this study do not sufficiently 
explain the variation in green infrastructure density 
across Washington, DC. Adding more variables to 
the model, such as property value and zoning, may 
be able to explain more of this variation. In addition, 
while race, ethnicity, and income generally do not 
appear to have a strong and/or significant relationship 
with green infrastructure, analyzing these factors at 
the block group level doesn’t achieve the level of 
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master plan would help establish clear goals to 
hold the various program accountable for not only 
stormwater achievements, but also progress towards 
climate justice and equity. Various planning strategies 
and stormwater regulations often have different 
goals and associated implementation mechanisms. 
For example, the current programs seek to prioritize 
low impact development and reduce stormwater 
runoff, but in order to achieve environmental 
equity goals will require different implementation 
strategies. Ideally, a central planning agency should 
be working to ensure that green infrastructure 
adequately serves all of the district’s neighborhoods 
and that environmental resources and amenities are 
redistributed to the neighborhoods that need them 
the most (Lim 2018; Heckert and Rosan 2015; Wolch 
et al. 2015). Furthermore, there is a clear opportunity 
for the City to use its progress in green infrastructure 
implementation as a starting point towards decreasing 
social vulnerability. The literature indicates that 
intentional inclusion and consideration of local voices 
are necessary for green infrastructure planning if 
equitable outcomes are to be obtained (Baker et al. 
2019; Wendel et al. 2011; Mandarano and Meenar 
2017; BenDor et al. 2018; Bissonnette et al. 2018). 
Recommendation #2: Integrate streams of data 
on urban form and socioeconomic status to aid in 
equitable and multifunctional implementation of 
green infrastructure. 
The regression analysis indicates that there is a 
significant, positive relationship between GI density 
and the DC CSO shed. This sheds light on the need 
to strategically plan for green infrastructure in areas 
outside of the CSO as well, for example along the 
Anacostia River to provide benefits for flood resilience. 
Adaptive management is key component of the DC 
Clean Rivers project in which the green infrastructures 
projects are constructed in a sequential fashion. In 
between construction phases, the existing GI projects 
have been monitored and assessed to evaluate 
their performance. The lessons learned during the 
monitoring process is intended to then inform the 
planning and design for the next round of GI project 
(DC Water 2015). Incorporating local knowledge 
and spatial, socioeconomic data collection into this 
evaluation process would increase the potential for GI 
to reduce social vulnerability and eliminate potential 
disparities.  
specificity required to understand the neighborhood 
impact. Ground-truthing, stakeholder engagement, 
and parcel level data would all enable a deeper level 
of analysis. In addition, this project does not attempt 
to examine whether green infrastructure investments 
displace or have a negative impact on vulnerable 
communities. A longitudinal research component 
would allow for an analysis of neighborhood change 
and how it relates to green infrastructure.
Conclusion
Environmental justice literature has demonstrated 
that the communities that have the highest potential 
benefit from green infrastructure often have the least 
access to it and may be negatively impacted by 
adaptation strategies (Meerow and Newell 2017; Shi 
et al. 2016; Wolch et al. 2014). Generally, the results 
of this case study suggest that the citywide efforts of 
DDOT, DDOE, and DC Water have been successful 
in promoting widespread green infrastructure 
development, without causing maladaptive 
consequences based on race and socioeconomic 
status. However, there is an apparent disparity among 
areas with higher rental occupancy. In addition, the 
review of green infrastructure programs indicates that 
procedurally, they are primarily focused on stormwater 
and are not taking advantage of the multifunctional 
benefits that green infrastructure can provide. In 
the following section I provide recommendations 
to improve green infrastructure implementation 
in Washington, DC as well as other communities 
engaging in green infrastructure planning. 
Recommendation #1: Create a collaborative 
and participatory green infrastructure planning 
framework. 
The district’s green infrastructure programs are 
managed by two separate entities, DC water and DDOE, 
each operating under stormwater management goals 
and regulations. DC Water’s Clean Rivers Project has 
a specific green infrastructure plan includes provisions 
for coordination with DDOE in order to minimize 
regulatory and institutional barriers to construction 
of GI, and facilitate the construction in of GI in both 
public and private spaces (DC Water 2015). However, 
there is not an overarching planning framework that 
explicitly integrates all green infrastructure program 
implementation and coordinates with outside 
departments and stakeholders. A green infrastructure 
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Recommendation #3: Update the RiverSmart 
Program to include specific incentives that target 
land lords and multifamily developments. 
The RiverSmart program’s reliance on private property 
for the implementation of shade tree planning, 
rain gardens, rain barrels and other small-scale GI 
installations, clearly privileges residents who own their 
own homes and disadvantages renters. By including a 
program or some sort of platform that targets areas 
with less participation and specific rental properties 
will help to alleviate this disparity and create more 
widespread benefits. 
Recommendation #4: Engage with and educate 
the development community and local residents 
about the existence of and multiple benefits of 
green infrastructure. 
According to Shandas and Messer (2008), community-
based watershed stewardship programs, can increase 
citizen trust in government, improve the local built 
environment, and foster participants’ ecological 
understanding. Since watershed improvement is such 
a high priority for the DC government, community-
based watershed improvement programs can help 
to fill the gaps between what public institutions can 
achieve and what the community actually needs. The 
District has already done a considerable amount of 
stakeholder engagement in the development of the 
Clean Rivers Program, the RiverSmart Program, and 
the 2013 Rule on Stormwater Management and Soil 
Erosion and Sediment Control. In addition, DDOE 
announced that the 2019 RiverSmart Communities 
grant program is heavily targeted towards projects 
that emphasize the community engagement and 
outreach activities that will accompany the installation 
of stormwater projects (DDOE 2015b). Recognizing 
that engagement and outreach activities are crucial 
to the success of green infrastructure projects is an 
important step in the right direction for the RiverSmart 
program. 
Washington, DC’s approach to managing stormwater 
with green infrastructure has been successful and 
advantageous in many ways. It represents a shift 
towards more sustainable, low impact development, 
and provides opportunities for city residents to do 
their part through the RiverSmart program. However, 
without explicitly targeting the neighborhoods with the 
highest need for green infrastructure, it runs the risk of 
shifting public investment power to the communities 
that already have the most capacity and ability to drive 
changes for themselves (Heckert and Rosan 2016). 
Future research on the spatial relationships between 
green infrastructure, the built environment and the 
social conditions at an even smaller scale will provide 
more information about how Washington, DC should 
improve their green infrastructure strategies and 
alleviate some of the potentially maladaptive impacts 
on social vulnerability. Furthermore, this Master’s 
Project provides insight into important factors to 
consider when implementing green infrastructure 
programs, not only for the District of Columbia, but 
for other communities undertaking similar efforts. The 
time is now for cities to be engaging in anticipatory 
governance to better prepare communities for 
the future, instead of waiting to respond to the 
inevitable impacts of climate change that lay ahead. 
Implementing policies to promote equity and protect 
vulnerable populations will help to break the chain 
environmental injustices in the built environment. 
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